Abstract: Pt-Ru nanoparticles supported on carbon nanofibers (CNF) were synthesized by the sodium borohydride reduction method, using different generation dendrimers (zero, one, two and three generations). After the synthesis process, these materials were submitted to a heat treatment at 350 • C, in order to clean the nanoparticle surface of organic residues. TEM characterization showed that the Pt-Ru nanoparticles size ranged between 1.9 and 5.5 nm. The use of dendrimers did not totally avoid the formation of aggregates, although monodisperse sizes were observed. The heat treatment produces the desired surface cleaning, although promoted the formation of agglomerates and crystalline Ru oxides. The study of the electrochemical activity towards the methanol oxidation displayed some clues about the influence of both the dendrimer generation and the presence of Ru oxides. Moreover, the apparent activation energy E ap for this reaction was determined. The results showed a beneficial effect of the heat treatment on the methanol oxidation current densities for the materials synthesized with the biggest dendrimers, being the methanol deprotonation and CO ad diffusion the predominant rate determining steps (rds).
Introduction
Many reports have described the interesting properties of dendrimers, related with their complexing properties [1] [2] [3] [4] and hence, making them suitable molecules as encapsulating agents. They are macromolecules with a highly branched three-dimensional architecture, synthesized by means of an iterative sequence of reaction steps, each of them leading a higher generation molecule [4] . The branches define the dendrimer generation, being the first constituted by a monomer group linked to the molecule core. Subsequent union between monomers can be carried out, between other monomers and the end of the first monomer, constituting a second generation. Next generations are formed in the same way until steric hindrance avoids the attachment of other monomers [2] . Once dendrimers are assembled, they have free hollows for hosting metal precursors able to nucleate and form dendrimer encapsulated nanoparticles (DENs).
Some advantages associated to the use of dendrimers in the synthesis of nanoparticles are: (1) formation of nanoparticles with well-defined shape and size, due to the fairly uniform composition surface areas were correlated with both the generation of the employed dendrimer and the catalytic activity towards the methanol electrochemical oxidation, particularly, the apparent activation energy (E ap ) for this reaction. This parameter was calculated from stationary current densities at different applied potentials and temperatures [55] , considering a treatment of the Arrhenius equation: (1) with k as the rate constant and A as a pre-exponential factor. k is proportional and inversely proportional to the developed current (i a ) and the electrode area (S), respectively [55] :
so the current can be expressed as [55] :
with A ap and E ap as the apparent pre-exponential factor and the apparent activation energy, respectively. By applying the logarithm function to the Equation (3), the apparent activation energy can be calculated from the lni a vs. 1/T plot [55] [56] [57] [58] [59] :
considering that the slope of this plot is m = E ap /R. In this way, knowing the slope values from the plots and the value for R (8.314 J·mol −1 ·K −1 ), it is possible to determine the values for E ap .
Results and Discussion

Morphology and Physical Properties of the Synthesized Pt-Ru/CNF Catalysts
The studied catalysts were synthesized and physically characterized previouslty [45] . Table 1 reports the results obtained for the composition, particle/crystallite sizes, metal surface and electrochemical surface areas for the synthesized catalysts, which were determined in [45] and repeated in this work considering their importance to understand the electrochemical activity of the catalysts. The XRD patterns exhibited the typical face-centered cubic structure of platinum located at 40 • , 47 • , 68 • and 82 • , corresponding to the (111), (200), (220) and (311) crystalline reflections. Besides, an additional peak was observed toward 28.5 • , especially in the case of the heat treated catalysts, which was assigned to the presence of Ru oxides formed after this treatment [45] . For the calculation of the crystallite size, the dimensions of the peak (220) of platinum has been used, bearing in mind there is no influence of the other crystalline plane reflections on this peak, allowing the establishment of a clear and accurate baseline. Then, the width of the peak in the middle-height and the peak value for this reflection are inserted in the Debye-Scherrer equation [60] [61] [62] :
where λ Kα1 is the wavelenght of the employed X-ray radiation, B 2θ is the width of the peak in the middle-height, and θ is the maximun angle of the diffraction line. EDX analysis indicates that all catalysts had similar metal content and Pt:Ru atomic ratio, being comparable to those observed for the commercial Pt-Ru/C catalyst from E-TEK. These values were close to the nominal ones planned during the synthesis procedure, which corresponds to 20 wt. % for the metal content and 1:1 for Pt:Ru atomic ratio. This fact suggests that the synthesis method allows one to control the metal content and the atomic ratio, similar to the commercial catalyst nominal values and those synthesized by the same authors in the absence of any encapsulating agent in a previously reported work [29] .
It must be highlighted that crystallite size values, which were calculated from the XRD patterns, resulted to be between 2.9 and 4.1 nm, being Pt-Ru/CNF-DN-3 TT the catalyst that exhibited the smallest size (2.9 nm) and Pt-Ru/CNF-DN-0 TT the largest one (4.1 nm). This effect was previously attributed to the low encapsulating capacity of the zero generation dendrimer, in contrast to the three-generation one [45] . Nevertheless, it must be taken into account that these values were calculated from the Pt (220) reflection, which is affected by the Ru oxides contribution, a fact observed in the catalysts DN-2, DN-1 TT, DN-2 TT and DN-3 TT (see Figure 2 in [45] ). The metal surface areas were determined by means of the equation SA (m 2 ·g −1 ) = 6 × 103/ρd [63] , where d is the average crystallite size (nm) and ρ is the alloy density. To calculate ρ, it was considered that ρ Pt-Ru (g·cm −3 ) = ρ Pt X Pt + ρ Ru X Ru , with ρ Pt = 21.4 g·cm −3 and ρ Ru = 12.3 g·cm −3 , and X Pt and X Ru as the weight percentage of Pt and Ru, respectively. The Pt-Ru/CNF-DN-0, Pt-Ru/CNF-DN-2, Pt-Ru/CNF-DN-3 and Pt-Ru/CNF-DN-3 TT catalysts displayed the highest metal surface areas, as a consequence of their low crystallite size. These results suggest that the high number of branches, especially present in the dendrimers DN-2 and DN-3 decrease the crystallite sizes and increase the metal surface areas, due to a favored dispersion of the nanoparticles on the carbon nanofibers. a This data was calculated from the Pt (220) reflection, although a meaning error associated to the Ru oxides peaks overlaying on this peak is considered [45] ; b This data is reported in [64] .
In order to further investigate the effect of the dendrimer generation, TEM analysis was made in the present paper, with the purpose of determining the particle dispersion and a more accurate value for the particle sizes based in the size distributions. Figure 1 displays the TEM images for the catalysts synthesized with the four dendrimers (from zero to three). In the Pt-Ru/CNF-DN-0 catalyst, the formation of agglomerates with raceme-like shape is observed, resulting in a low dispersion of the nanoparticles on the carbon nanofibers. This is explained from the low size and molecular weight of the zero-generation dendrimer structure, having a lower number of branches, and therefore, a lower encapsulating capacity that results in the formation of bigger nanoparticles and agglomerates. Moreover, an improvement of the dispersion, as well as a decrease of the particle size (from 3.7 ± 1.0 nm for Pt-Ru/CNF-DN-0 to 1.9 ± 0.4 nm for Pt-Ru/CNF-DN-3), is achieved when the dendrimer generation increases (see Figure 2) .
It should be considered that the increase of the dendrimer generation means an increase of the surface amino groups number per dendrimer molecule, being 4, 8, 16 and 32 for the 0, 1, 2 and 3 generations, respectively. In the synthesis, the number of Pt ions for each dendrimer molecule was set to 55 in all cases. Then, the theoretical size value for a 55-atoms Pt particle can be calculated using the Equation (6) [22] :
where n is the number of atoms, r the nanoparticle radius and V a the atomic volume (Pt = 10.20 cm 3 ·mol −1 ). In the case of platinum this diameter corresponds to 1.2 nm, therefore there is a tendency to reach this value, considering that the number of amino groups overcome the number of metallic ions per dendrimer molecule and thus, the size of the particles does not depend of the dendrimer generation but the number of metallic ions [21] [22] [23] . Nevertheless, the observed agglomerates suggest the intermolecular complexation of the metal, a typical phenomenon reported for the amino-terminated dendrimers, bearing in mind the high complexation capacity of these groups [20] .
Energies 2017, 10, 159 5 of 19 to reach this value, considering that the number of amino groups overcome the number of metallic ions per dendrimer molecule and thus, the size of the particles does not depend of the dendrimer generation but the number of metallic ions [21] [22] [23] . Nevertheless, the observed agglomerates suggest the intermolecular complexation of the metal, a typical phenomenon reported for the amino-terminated dendrimers, bearing in mind the high complexation capacity of these groups [20] . to reach this value, considering that the number of amino groups overcome the number of metallic ions per dendrimer molecule and thus, the size of the particles does not depend of the dendrimer generation but the number of metallic ions [21] [22] [23] . Nevertheless, the observed agglomerates suggest the intermolecular complexation of the metal, a typical phenomenon reported for the amino-terminated dendrimers, bearing in mind the high complexation capacity of these groups [20] . Therefore, it is demonstrated that there is a correlation between the generation of the dendrimer used during the synthesis and the particle dispersion and size: better dispersion and smaller particle size are obtained by increasing the dendrimer generation, that is, the number of branches. Figure 3 shows the TEM images for the catalysts subjected to the heat treatment at 350 • C, whereas the corresponding particle size distribution is reported in Figure 4 . As deduced from Figures 3 and 4 , the heat treatment favors the sintering of the nanoparticles. Nevertheless, the sintering degree is less significant for the heat treated materials obtained with higher dendrimer generation. According with this effect, particle size for the catalyst DN-0 increase from 3.7 ± 1.0 to 4.1 ± 1.4 nm after the heat treatment; for DN-2 from 2.0 ± 0.5 to 5.5 ± 1.5 nm; in the case of the material DN-3, the increase is from 1.9 ± 0.4 to 3.1 ± 0.9 nm.
The behavior of the Pt-Ru/CNF-DN-1 TT catalyst was slightly different compared with the other materials. In this case, the particle size did not increase significantly after the heat treatment but the formation of nanorods was observed in some areas of the sample. This fact could be attributed to the presence of dendrimer residues that probably promoted the sintering of some nanoparticles in a fractal direction during the heat treatment, as shown in Figure 5 . This behavior as a consequence of the gel de-stabilization process has been already reported by Bigall et al. [65] , during the synthesis of Pt aerogels and xerogels. Therefore, it is demonstrated that there is a correlation between the generation of the dendrimer used during the synthesis and the particle dispersion and size: better dispersion and smaller particle size are obtained by increasing the dendrimer generation, that is, the number of branches. Figure 3 shows the TEM images for the catalysts subjected to the heat treatment at 350 °C, whereas the corresponding particle size distribution is reported in Figure 4 . As deduced from Figures 3 and 4 , the heat treatment favors the sintering of the nanoparticles. Nevertheless, the sintering degree is less significant for the heat treated materials obtained with higher dendrimer generation. According with this effect, particle size for the catalyst DN-0 increase from 3.7 ± 1.0 to 4.1 ± 1.4 nm after the heat treatment; for DN-2 from 2.0 ± 0.5 to 5.5 ± 1.5 nm; in the case of the material DN-3, the increase is from 1.9 ± 0.4 to 3.1 ± 0.9 nm. The behavior of the Pt-Ru/CNF-DN-1 TT catalyst was slightly different compared with the other materials. In this case, the particle size did not increase significantly after the heat treatment but the formation of nanorods was observed in some areas of the sample. This fact could be attributed to the presence of dendrimer residues that probably promoted the sintering of some nanoparticles in a fractal direction during the heat treatment, as shown in Figure 5 . This behavior as a consequence of the gel de-stabilization process has been already reported by Bigall et al. [65] , during the synthesis of Pt aerogels and xerogels. Table 1 presents the electrochemical surface areas (ECSA) for the synthesized catalysts, determined from CO stripping measurements reported in [45] (see Figures 4 and 5 in this reference). It was remarkable the decrease of the ECSA for the heat treated materials synthesized with the DN-0 and DN-1 dendrimers, due to the sintering of the nanoparticles. However, in the case of the catalysts prepared with DN-2 and DN-3, this value increased after the heat treatment, as a consequence of the removal of the dendrimer residues favored at 350 °C that increased the number of active sites able to adsorb CO. Figure 6 presents the electrochemical behavior of the synthesized catalysts in the supporting electrolyte. In the case of the non-heat treated catalysts, the typical signals corresponding to the hydrogen adsorption-desorption process were observed in the range of 0.050-0.2 V vs. RHE. Moreover, high capacitive currents were observed for the catalysts prepared with the DN-0, DN-2 and DN-3 dendrimers, indicating the presence of these molecules adsorbed on the Pt-Ru nanoparticles. These results confirm the ones described above about the agglomeration inhibition due to their encapsulation in the dendrimer structure. The effect of the adsorbed molecules was not evident in the case of the Pt-Ru/CNF-DN-1 catalyst, which exhibited low capacitive current densities. Table 1 presents the electrochemical surface areas (ECSA) for the synthesized catalysts, determined from CO stripping measurements reported in [45] (see Figures 4 and 5 in this reference). It was remarkable the decrease of the ECSA for the heat treated materials synthesized with the DN-0 and DN-1 dendrimers, due to the sintering of the nanoparticles. However, in the case of the catalysts prepared with DN-2 and DN-3, this value increased after the heat treatment, as a consequence of the removal of the dendrimer residues favored at 350 • C that increased the number of active sites able to adsorb CO. Figure 6 presents the electrochemical behavior of the synthesized catalysts in the supporting electrolyte. In the case of the non-heat treated catalysts, the typical signals corresponding to the hydrogen adsorption-desorption process were observed in the range of 0.050-0.2 V vs. RHE. Moreover, high capacitive currents were observed for the catalysts prepared with the DN-0, DN-2 and DN-3 dendrimers, indicating the presence of these molecules adsorbed on the Pt-Ru nanoparticles. These results confirm the ones described above about the agglomeration inhibition due to their encapsulation in the dendrimer structure. The effect of the adsorbed molecules was not evident in the case of the Pt-Ru/CNF-DN-1 catalyst, which exhibited low capacitive current densities. After the heat treatment, the capacitive currents decreased for all the studied catalysts. In fact, the signal for the hydrogen adsorption, located at 0.2 V, is more evident than that of the non-heat treated materials. This result means that the heat treatment efficiently removed the dendrimer residues adsorbed on the catalysts, which remained on them after the synthesis process. The better definition of the electrochemical signals in the supporting electrolyte agrees with those found for the electrochemical oxidation of CO reported in our previous work, which showed an unclear definition of the CO oxidation peak, attributed to the presence of dendrimers covering the surface of the untreated catalysts, and diminished the reactivity towards this adsorbate. The heat treatment removed the organic residues from the catalysts surface, allowing a better definition of these peaks, as shown in Figures 4 and 5 of this work [45] .
Activity of Catalysts in the Supporting Electrolyte
Catalytic Activity towards the Methanol Electrochemical Oxidation
In [45] , a preliminary electrochemical study at room temperature was performed, in order to assess their catalytic activity. At this temperature, a CO monolayer was adsorbed to appreciate the potential required to oxidize this monolayer and, on the other hand, methanol was also oxidized at room temperature without any mechanistic study, just to identify the current densities generated during this reaction. In the present work, cyclic voltammetry and chronoamperometry studies for the methanol oxidation were performed at six temperatures, in order to obtain novel information about the reaction mechanism and the kinetics of this reaction. Voltamperometric studies of the methanol electrochemical oxidation on the synthesized catalysts were made and the results are presented in Figure 7 . The upper panels show a comparison of the electrochemical experiments performed at 20 °C between the heat treated and the untreated materials. In the case of the catalyst prepared with the zero generation dendrimer, the non-heat treated material displayed higher current densities than those observed for the heat treated material, possibly due to a high content of Ru oxides in this material, in agreement with the diffraction peaks observed at 28.5° in the XRD pattern (see Figure 1 in [45] ). The presence of Ru oxides was also observed in Pt-Ru/CNF-DN-1 and Pt-Ru/CNF-DN-2 but in a lower extent (see Figure 1 in [45] ) and therefore, a smaller effect is expected for these materials. The improved oxidation of the COad in the presence of these oxides has been previously reported [29] , so these surface oxides could be the responsible of the increase of the methanol oxidation current densities since COad is formed as intermediate [30] . Following the same trend, the results observed for the DN-1, DN-2 and DN-3 catalysts are opposite to those found for the DN-0 sample, that is, the heat treated samples displayed higher current densities than the non-heat treated ones as expected from the improvement of active sites due to the removal of the organic species adsorbed on the surface. After the heat treatment, the capacitive currents decreased for all the studied catalysts. In fact, the signal for the hydrogen adsorption, located at 0.2 V, is more evident than that of the non-heat treated materials. This result means that the heat treatment efficiently removed the dendrimer residues adsorbed on the catalysts, which remained on them after the synthesis process. The better definition of the electrochemical signals in the supporting electrolyte agrees with those found for the electrochemical oxidation of CO reported in our previous work, which showed an unclear definition of the CO oxidation peak, attributed to the presence of dendrimers covering the surface of the untreated catalysts, and diminished the reactivity towards this adsorbate. The heat treatment removed the organic residues from the catalysts surface, allowing a better definition of these peaks, as shown in Figures 4 and 5 of this work [45] .
In [45] , a preliminary electrochemical study at room temperature was performed, in order to assess their catalytic activity. At this temperature, a CO monolayer was adsorbed to appreciate the potential required to oxidize this monolayer and, on the other hand, methanol was also oxidized at room temperature without any mechanistic study, just to identify the current densities generated during this reaction. In the present work, cyclic voltammetry and chronoamperometry studies for the methanol oxidation were performed at six temperatures, in order to obtain novel information about the reaction mechanism and the kinetics of this reaction. Voltamperometric studies of the methanol electrochemical oxidation on the synthesized catalysts were made and the results are presented in Figure 7 . The upper panels show a comparison of the electrochemical experiments performed at 20 • C between the heat treated and the untreated materials. In the case of the catalyst prepared with the zero generation dendrimer, the non-heat treated material displayed higher current densities than those observed for the heat treated material, possibly due to a high content of Ru oxides in this material, in agreement with the diffraction peaks observed at 28.5 • in the XRD pattern (see Figure 1 in [45] ). The presence of Ru oxides was also observed in Pt-Ru/CNF-DN-1 and Pt-Ru/CNF-DN-2 but in a lower extent (see Figure 1 in [45] ) and therefore, a smaller effect is expected for these materials. The improved oxidation of the CO ad in the presence of these oxides has been previously reported [29] , so these surface oxides could be the responsible of the increase of the methanol oxidation current densities since CO ad is formed as intermediate [30] . Following the same trend, the results observed for the DN-1, DN-2 and DN-3 catalysts are opposite to those found for the DN-0 sample, that is, the heat treated samples displayed higher current densities than the non-heat treated ones as expected from the improvement of active sites due to the removal of the organic species adsorbed on the surface. Particle sizes could play an important role in the activity, bearing in mind that very low diameters have a negative effect in the activity of metallic nanoparticles towards the electrochemical oxidation of methanol. The increase of particle size of at least 10% for materials prepared with DN-2 and DN-3 dendrimers after the heat treatment should explain the increase in activity, but not in the case of the DN-1, as no difference (even a slight decrease) was observed in particle size. So, other effects have to be involved.
The presence of organic residues from the dendrimers was evident from the CO stripping experiments previously published [45] and can contribute to the low registered activities for the catalysts without the heat treatment. The heat treated materials developed the following sequence for the current densities (see Table 2 ): Pt-Ru/CNF-DN-0 TT < Pt-Ru/CNF-DN-3 TT < Pt-Ru/CNF-DN-2 TT < Pt-Ru/CNF-DN-1 TT
The increase of the current densities for the TT catalysts could also be explained considering the presence of crystalline Ru oxides. A considerable amount of crystalline Ru oxides was established for the Pt-Ru/CNF-DN-3 TT catalyst in [45] , although this material is not the one developing the highest current densities for the methanol oxidation. The best catalyst for this reaction is the Pt-Ru/CNF-DN-1 TT. It has to be considered that this is the catalyst exhibiting a characteristic morphology (see Figure 5) , with a one direction particle-growth, possibly affecting the performance of this material.
The bottom panels in Figure 7 present the voltamperometric results obtained for the methanol oxidation between 20 and 70 °C on the TT catalysts. The Pt-Ru/CNF-DN-1 TT catalyst developed the highest current densities in the whole temperature range, also displaying low methanol oxidation onset potentials (close to 0.37 V vs. RHE). Particularly, the Pt-Ru/CNF-DN-3 TT catalyst presented an onset potential around 0.15 V at 70 °C. Table 2 shows the maximum methanol oxidation current densities at the different temperatures (commercial Pt-Ru/E-TEK current values are included for comparison). All the synthesized materials exhibited higher current densities than those observed for the commercial catalyst, in particular the Pt-Ru/CNF-DN-1 TT and Pt-Ru/CNF-DN-2 TT materials. Between 30 and 70 °C, the maximum current densities for the Pt-Ru/CNF-DN-1 TT catalyst were three times higher than those for the commercial one, whereas Pt-Ru/CNF-DN-2 TT and Pt-Ru/CNF-DN-3 TT showed a similar behavior, although the current densities were not so high. Particle sizes could play an important role in the activity, bearing in mind that very low diameters have a negative effect in the activity of metallic nanoparticles towards the electrochemical oxidation of methanol. The increase of particle size of at least 10% for materials prepared with DN-2 and DN-3 dendrimers after the heat treatment should explain the increase in activity, but not in the case of the DN-1, as no difference (even a slight decrease) was observed in particle size. So, other effects have to be involved.
The presence of organic residues from the dendrimers was evident from the CO stripping experiments previously published [45] and can contribute to the low registered activities for the catalysts without the heat treatment. The heat treated materials developed the following sequence for the current densities (see Table 2 ): Pt-Ru/CNF-DN-0 TT < Pt-Ru/CNF-DN-3 TT < Pt-Ru/CNF-DN-2 TT < Pt-Ru/CNF-DN-1 TT The increase of the current densities for the TT catalysts could also be explained considering the presence of crystalline Ru oxides. A considerable amount of crystalline Ru oxides was established for the Pt-Ru/CNF-DN-3 TT catalyst in [45] , although this material is not the one developing the highest current densities for the methanol oxidation. The best catalyst for this reaction is the Pt-Ru/CNF-DN-1 TT. It has to be considered that this is the catalyst exhibiting a characteristic morphology (see Figure 5) , with a one direction particle-growth, possibly affecting the performance of this material.
The bottom panels in Figure 7 present the voltamperometric results obtained for the methanol oxidation between 20 and 70 • C on the TT catalysts. The Pt-Ru/CNF-DN-1 TT catalyst developed the highest current densities in the whole temperature range, also displaying low methanol oxidation onset potentials (close to 0.37 V vs. RHE). Particularly, the Pt-Ru/CNF-DN-3 TT catalyst presented an onset potential around 0.15 V at 70 • C. Table 2 shows the maximum methanol oxidation current densities at the different temperatures (commercial Pt-Ru/E-TEK current values are included for comparison). All the synthesized materials exhibited higher current densities than those observed for the commercial catalyst, in particular the Pt-Ru/CNF-DN-1 TT and Pt-Ru/CNF-DN-2 TT materials. Between 30 and 70 • C, the maximum current densities for the Pt-Ru/CNF-DN-1 TT catalyst were three times higher than those for the commercial one, whereas Pt-Ru/CNF-DN-2 TT and Pt-Ru/CNF-DN-3 TT showed a similar behavior, although the current densities were not so high.
Chronoamperometric curves for the methanol oxidation at the different temperatures were obtained applying potentials closed to typical operation values in a direct methanol fuel cell. Stationary current densities obtained at 0.45 V vs. RHE are given in Figure 8 . A current enhancement with the increase of temperature was evident, being the Pt-Ru/CNF-DN-1 TT the one that displayed the most significant effect. The registered values for the stationary current densities at 0.45 V can be seen in Table 3 , showing good activities for the catalysts synthesized with the 1, 2 and 3 generation dendrimers, in comparison with the commercial one. In contrast, the catalyst DN-0 TT only overcomes the performance displayed by the E-TEK catalyst at 70 • C. Chronoamperometric curves for the methanol oxidation at the different temperatures were obtained applying potentials closed to typical operation values in a direct methanol fuel cell. Stationary current densities obtained at 0.45 V vs. RHE are given in Figure 8 . A current enhancement with the increase of temperature was evident, being the Pt-Ru/CNF-DN-1 TT the one that displayed the most significant effect. The registered values for the stationary current densities at 0.45 V can be seen in Table 3 , showing good activities for the catalysts synthesized with the 1, 2 and 3 generation dendrimers, in comparison with the commercial one. In contrast, the catalyst DN-0 TT only overcomes the performance displayed by the E-TEK catalyst at 70 °C. The chronoamperometric tests were repeated at 0.55 V vs. RHE and the results are shown in Figure 9 , whereas the stationary current densities are reported in Table 4 . The trends were similar to The chronoamperometric tests were repeated at 0.55 V vs. RHE and the results are shown in Figure 9 , whereas the stationary current densities are reported in Table 4 . The trends were similar to those observed at 0.45 V: the highest current densities were obtained with Pt-Ru/CNFDN-1 TT. The main difference, respect to the data obtained at 0.45 V, concerns with the increase of the performance in the case of the catalysts synthesized with the zero generation dendrimer, which displayed higher current densities than Pt-Ru/C E-TEK catalyst.
Pt-Ru/C E-TEK 0.05 0.08 0.09 0.11 0.22 0. 41 31.6 Using the stationary current density values reported in Tables 3 and 4 and the equations described above (Equations (1)-(4) ), the apparent activation energy (Eap) was calculated for the methanol oxidation reaction at 0.45 and 0.55 V for these materials. These values were calculated from the slopes of the Arrhenius plots in Figure 10 and are also reported in Tables 3 and 4 . This apparent activation energy implicates a mean value for the total methanol oxidation reaction, which is composed by a set of adsorption and deprotonation steps. In addition, other parallel reactions as the formaldehyde and formic acid production, the formation of adsorbed CO and formate, or the surface diffusion of some species, as the CO surface diffusion, should be considered. Using the stationary current density values reported in Tables 3 and 4 and the equations described above (Equations (1)- (4)), the apparent activation energy (E ap ) was calculated for the methanol oxidation reaction at 0.45 and 0.55 V for these materials. These values were calculated from the slopes of the Arrhenius plots in Figure 10 and are also reported in Tables 3 and 4 . This apparent activation energy implicates a mean value for the total methanol oxidation reaction, which is composed by a set of adsorption and deprotonation steps. In addition, other parallel reactions as the formaldehyde and formic acid production, the formation of adsorbed CO and formate, or the surface diffusion of some species, as the CO surface diffusion, should be considered.
All these reactions depend on the temperature and consequently, the E ap is only a qualitative value used for comparison purposes, being one of them, the identification of rate determining step (rds). Thus, the following reaction mechanism is considered [30] , which initiates with the adsorption of methanol: CH 3 OH CH 3 OH ads (
Then, adsorbed methanol oxidizes by deprotonation to adsorbed CO:
On the other hand, water dissociates on the catalyst surface to produce adsorbed oxygenated species (OH ads ) and H + : 
For the first potential (0.45 V, Figure 10a) , the E ap values are close to 40 kJ·mol −1 (see Table 3 ), in agreement with the value reported by others authors and associated to the deprotonating alcohol reaction as the rds (Reaction (8)) [66, 67] . The lowest E ap was observed for the Pt-Ru/CNF-DN-2 TT catalyst, whereas the Pt-Ru/CNF-DN-0 TT catalyst presented the highest E ap , as an evidence of the sintering effect after the heat treatment, which does not favor the catalytic activity of this material. At 0.55 V (Figure 10b ), all the slopes decrease in a coherent way, considering that at this higher potential, the reaction is promoted, keeping E ap values between 42.6 kJ·mol −1 and 28.9 kJ·mol −1 . This fact demonstrated that in some catalysts, with the increase of potential, the rds is still the methanol deprotonation, keeping values close to 40 kJ·mol −1 , as it is the case of the Pt-Ru/CNF-DN-0 TT and DN-1 TT catalysts. For the catalysts prepared with higher dendrimer generation, this reaction is promoted and E ap decreases. Again, it seems that the presence of crystalline Ru oxides is related with the catalytic behavior, taking into account that the catalysts with the major proportion of these compounds generate the lowest E ap . In this sense, The Pt-Ru/CNF-DN-2 TT and DN-3 TT catalysts displayed E ap values below 29 kJ·mol −1 , suggesting the CO ads diffusion to the OH ads (Reaction (10)) as the rds for the methanol oxidation, according with the analysis reported by different authors [68] [69] [70] .
From the analysis carried out in this work considering previous results reported by Calderón et al. [29] related to the effect of the heat treatment on the catalytic activity of Pt-Ru catalysts supported on carbon nanofibers and synthesized by different synthesis methods, it could be inferred that the heat treatment induces the formation of crystalline Ru oxides that promote the increase of the stationary current densities for the methanol oxidation reaction. The Pt-Ru/CNF-DN-1 TT catalyst exhibited the better performance and a different morphology, involving the formation of nanoparticle groups in a determined direction, having particle sizes close to 2.0 nm. Another factor inducing its high activity could be the existence of a suitable Ru oxides/Pt atoms ratio that promotes the methanol oxidation. All these reactions depend on the temperature and consequently, the Eap is only a qualitative value used for comparison purposes, being one of them, the identification of rate determining step (rds). Thus, the following reaction mechanism is considered [30] , which initiates with the adsorption of methanol:
CH3OH ⇌ CH3OHads (7) 
Discussion
The catalytic activity of the synthesized catalysts can be compared with some Pt-Ru catalysts supported on carbon nanofibers or other carbon materials. Actually, we performed a similar kinetic study with Pt-Ru catalysts supported on carbon nanofibers, which were synthesized without any encapsulating agent [71] . In this work, we showed activation energies for the methanol oxidation between 29 and 54 kJ·mol −1 at 0.45 V, with the lowest activation energy for the catalyst synthesized by reduction with sodium borohydride. The existence of two slopes for the linear trend in the Arrhenius plots for some catalysts suggests a change in the reaction mechanism from the methanol deprotonation to the CO surface diffusion toward the OH ads around 40-50 • C. This phenomenon was observed in the catalysts reduced with methanol and sodium formate ions. When the applied potential was 0.55 V the activation energies were reduced achieving values among 14 and 45 kJ·mol −1 without any change in the slopes. It was conclude that at this potential, the reaction mechanism is addressed basically through the CO surface diffusion toward the OH ads , except in the case of the catalyst reduced with sodium formate ions and heat treated at 350 • C. In the present work, the decrease in the activation energies was related with the dendrimer generation, as a consequence of the enhanced dispersion of the nanoparticles on the carbon supports promoted with the increase of the dendrimer generation, as described previously. Regarding the magnitude of the methanol oxidation stationary current densities, for each of the applied potentials, an increase in the magnitude of these currents was observed in comparison with the catalysts synthesized in [71] . The same behavior was registered for the maximun current densities, which in some cases were close to 6 mA·cm −2 in this work, whereas in the case of the materials studied in [71] , the maximum values were close to 4 mA·cm −2 .
Sebastián et al. [72] supported Pt-Ru nanoparticles on two different carbon nanofibers growth at 600 and 700 • C, which were chemically treated with nitric and a nitric-sulphuric acid mixture, obtaining metal contents and Pt:Ru atomic ratios close to 20 wt. % and 1:1, respectively. The maximum current densities observed for these materials were close to 0.20 mA·cm −2 when the carbon nanofibers were synthesized at 600 • C, and 0.25 mA·cm −2 for those formed at 700 • C. Particularly, the catalysts supported on nitric acid-treated carbon nanofibers growth at 600 • C, displayed lower current densities than those supported on the nanofibers chemically treated with the nitric-sulphuric acid mixture; however, this trend was inverted when the nanoparticles were supported on the nanofibers formed at 700 • C but chemically treated with the same procedures. It means that the better performance was observed for the catalysts supported on the nitric acid-chemically treated carbon nanofibers growth at 700 • C. This fact was explained from a decrease in the electrochemical surface area with the oxidation of the support. On the other hand, the difference in the performance of these materials, in terms of the temperature employed during the growth of the carbon nanofibers, was attributed to the high graphitized degree achieved at this temperature. The catalysts presented in our work were supported on carbon nanofibers deposited at 700 • C and chemically treated with the nitric-sulphuric acid mixture, which developed higher maximum current densities than those of the catalysts studied in [72] .
The performance of Pt-Ru nanoparticles has been also studied when they are supported on other kind of carbon supports such as mesoporous carbons, TiO 2 -carbon blacks mixtures and chemically and/or thermally treated carbon blacks [36] . During the tests in the three electrodes-cell, the catalyst supported on carbon black attained the highest methanol oxidation current density at 30 • C (around 0.4 mA·cm −2 ), which was enhancing until 1.3 mA·cm −2 at 60 • C. This behavior was verified in the direct methanol fuel monocell tests, where the catalyst supported on this carbon black displayed the highest current densities (700 mA·cm −2 ) as well as the best power densities (65 mW·cm −2 ). The authors determined the activation energy for this reaction, finding values between 42 and 47 kJ·mol −1 , suggesting that the methanol deprotonation (see Equation (8) ) as the rate determining step route for the reaction. The authors attributed this result to the presence of active carbonyl, hydroxyl or carboxyl surface oxygen groups present on oxidized carbon blacks. The current densities presented in [36] are lower than those in the present manuscript, as well as the apparent activation energies were lower in our study, proving the high activity of the Pt-Ru catalysts synthesized in presence of dendrimers.
Moreover, it must be taken into account that the materials prepared in [36] contain a 30 wt. % as metal content and a Pt:Ru close to 85:15, meaning a higher content of Pt compare with those of our study.
Kinetic parameters of the methanol oxidation have been also determined by varying the scan rate during the methanol oxidation cyclic voltammetries [73] . In the case of Pt-Ru catalysts supported on carbon blacks, Velásquez-Valenzuela et al. found high exchange current densities compared with smooth Pt and Pt/C materials which were explained by the presence of Ru oxides and hydroxides that facilitate the reaction [73] . Changes in the scan rate demonstrated a kinetic reaction control since high values for the Tafel slope were observed, suggesting a slow charge transfer on Pt-Ru/C.
From the comparison between these reports [71] [72] [73] and the results in this work, it is possible to conclude that the catalysts prepared in this work have high activity toward the methanol oxidation, in terms of both, high methanol oxidation current densities and low apparent activation energies.
Materials and Methods
Preparation of Carbon Support
Carbon nanofibers were synthesized by catalytic thermal decomposition of methane [74] on a Ni:Cu:Al catalyst. It was prepared by co-precipitation of Ni, Cu and Al nitrates and subsequent calcination at 450 • C, obtaining a final 78:6:16 weight ratio. Before the CNFs growth, it was and activated with a hydrogen flux (20 mL·min −1 ) at 550 • C for 3 h, in order to reduce the Ni and Cu oxides [75] . CNFs were grown at 700 • C in methane atmosphere for 10 h [75] . Then, they were treated with a HNO 3 -H 2 SO 4 1:1 (v/v) mixture during 0.5 h at room temperature, in order to functionalize the surface with oxygen groups [76] .
Pt-Ru/CNF Catalysts Synthesis
Pt-Ru/CNF catalysts with a metal content close to 20 wt. % and Pt:Ru atomic ratio near to 1:1 were synthesized following a previously reported procedure [45] . 2.0 µM PAMAM dendrimer solutions were prepared with each of the different generation molecules (generations 0, 1, 2 and 3 with molecular weights: 516.68, 1429.85, 3256.18 and 6908.84 g·mol −1 , respectively; 20 wt. % in methanol, Aldrich (Madrid, Spain) and magnetically stirred for 30 min. Then, an aqueous solution with the desired amount of the metal precursors (H 2 PtCl 6 , 8 wt. % solution, Aldrich (Madrid, Spain); RuCl 3 99.999 wt. %, Aldrich) was slowly added drop by drop to the dendrimer solution, keeping the agitation during 3 days, in order to assure the total complexing of metal precursors into the molecules. Then, 20 mL of NaBH 4 (26.4 mM in 7 M NaOH, Aldrich) were poured dropwise, resulting in a dark color solution indicative of the Pt-Ru nanoparticles formation. After 24 h, carbon nanofibers were added to the reaction mixture under sonication. The reaction mixture was maintained under stirring for 2 days, and finally filtered, washed with ultrapure water and dried at 60 • C during 2 h. The Pt-Ru nanoparticles supported on CNFs prepared by using dendrimers were labelled as Pt-Ru/CNF-DN-X, being X the dendrimer generation employed during the synthesis procedure. Finally, the synthesized catalysts were heat treated at 350 • C in O 2 -atmosphere for 30 min, generating materials designated as Pt-Ru/CNF-DN-X TT.
Physicochemical Characterization
Energy dispersive X-ray (EDX) characterization was employed for determining the metal content and Pt:Ru atomic ratio of the synthesized materials. For these analyzes, an 6699 ATW scanning electron microscope (located at SEGAI-ULL, Tenerife, Spain; Oxford Instruments Microanalysis Group, (Abingdon, UK), working at 20 keV, with a Si detector and a Be window was used. X-ray diffraction (XRD) patterns were obtained by means of an X'Pert, universal diffractometer (Panalytical, Almelo, The Netherlands) operating with Cu-Kα radiation, generated at 40 kV and 30 mA. Scan rate was 3 • min −1 with 2θ values between 10 • and 100 • . Scherrer's equation was applied to determine the metal crystallite size from XRD, using the (220) peak around 2θ = 70 • , while Vegard's law was utilized for the calculation of the lattice parameter [45] . A 200 kV JEM 2100 transmission electron microscope (JEOL, Peabody, MA, USA) was used for carrying out the TEM analyses. An aliquot from an ethanol suspension of the catalysts was drop cast on a carbon grid. A MultiScan CCD (Gatan 794, Pleasanton, CA, USA) camera was employed to obtain the images, which were treated with the Fourier Transform software Digital Micrograh (Gatan 3.7.0), measuring more than 200 nanoparticle diameters in order to generate the particle size distribution histograms.
Electrochemical Characterization
An electrochemical thermostatized cell was used with a glassy carbon disk as working electrode, while the counter electrode was a glassy carbon bar and a reversible hydrogen electrode (RHE), placed inside a Luggin capillary, worked as reference electrode. The potentials in the present article are referred to the RHE electrode. To prepare the catalyst layer on the working electrode, a homogeneous suspension was prepared by mixing 2 mg of catalyst, 15 µL of Nafion (5 wt. %, Aldrich), and 500 µL of ultrapure water. A 60 µL-aliquot was deposited onto the glassy carbon disk. 0.5 M H 2 SO 4 (95%-97%, Merck, Madrid, Spain) solution was used in these experiments as supporting electrolyte. Electrochemical surface areas (ECSA) were estimated from the CO stripping experiments, assuming a charge of 420 µC·cm −2 [77] . All the currents presented in this work have been normalized with these electrochemical surface areas. Previous works reported the CO reactivity on the different catalysts [45, 46] 
Conclusions
Pt-Ru catalysts supported on carbon nanofibers were prepared using dendrimers of zero, one, two and three generation, and sodium borohydride as reducing agent. All catalysts exhibited metal loadings and Pt:Ru atomic ratios close to 20 wt. % and 1:1, respectively. The use of dendrimers during the synthesis did not assure a good distribution of the nanoparticles on the carbon support. The 1-generation dendrimer induced the sintering of the nanoparticles in one direction, in the case of the catalyst Pt-Ru/CNF-DN-1-TT, modifying the morphology patterns observed for the other materials.
The increase of the dendrimer generation induced a decrease in both the particle average size and aggregation on the carbon support. Heat treatment of the catalysts resulted in an increase of the particle size as well as the formation of crystalline Ru oxides. As a consequence of the oxides formation, an increase in the catalytic activity was observed in terms of higher current densities for methanol oxidation. The best results were obtained for Pt-Ru/CNF-DN-1 TT, the material with the special morphology induced by the heat treatment.
Activation energies for methanol oxidation reactions were determined, allowing the achievement of some conclusions on the rate determining step. In this sense, it was observed that at 0.45 V the rds was the deprotonation of methanol for all the catalysts, whereas at 0.55 V, the rds was the CO ad diffusion for the Pt-Ru/CNF-DN-2 TT and Pt-Ru/CNF-DN-3 TT catalysts. These results allow to conclude that both the dendrimer generation and the heat treatment determine the morphological properties of the catalysts, conditioning the final electrochemical properties.
